A wide variety of myogenic cell sources have been used for repair of injured and diseased muscle including muscle stem cells, which can be isolated from skeletal muscle as a group of slow-adhering cells on a collagen-coated surface. The therapeutic use of muscle stem cells for improving muscle regeneration is promising; however, the effect of injury on their characteristics and engraftment potential has yet to be described. In the present study, slow-adhering stem cells (SASCs) from both laceration-injured and control noninjured skeletal muscles in mice were isolated and studied. Migration and proliferation rates, multidifferentiation potentials, and differences in gene expression in both groups of cells were compared in vitro. Results demonstrated that a larger population of SASCs could be isolated from injured muscle than from control noninjured muscle. In addition, SASCs derived from injured muscle demonstrated improved migration, a higher rate of proliferation and multidifferentiation, and increased expression of Notch1, STAT3, Msx1, and MMP2. Moreover, when transplanted into dystrophic muscle in MDX/SCID mice, SASCs from injured muscle generated greater engraftments with a higher capillary density than did SASCs from control noninjured muscle. These data suggest that traumatic injury may modify stem cell characteristics through trophic factors and improve the transplantation potential of SASCs in alleviating skeletal muscle injuries and diseases. 
The normal repair of adult skeletal muscle after injury relies on activation and proliferation of resident stem cells, including satellite cells, which are myogenic precursor cells that reside beneath the basal lamina of muscle fibers and replace lost myonuclei. 1 The limited migratory capacity and survival of satellite cells and myoblasts when transplanted into injured or diseased muscle have led researches to identify other stem cell sources to achieve a therapeutic effect 2 including stem cells in skeletal muscle, which are multipotent and nonlineage-committed and may potentially be of perivascular origin. [3] [4] [5] Among these muscle precursors, muscle-derived stem cells (MDSCs) exist in normal muscle as a small population that usually expresses specific stem cell markers such as Sca-1 and CD34. 6 -9 Isolation of MDSCs has been widely performed using a marker profile-independent preplate technique that takes advantage of their slow adherence to a collagen-coated surface, 6, 7, 9, 10 and MDSCs are included in a population of slow-adhering stem cells (SASCs) isolated with this technique. Using MDSCs for tissue engineering application and cell transplantation into animals and patients has verified that these cells are highly efficient for stem cellbased therapies in various tissues including regeneration and repair of skeletal and cardiac muscle, bone, articular cartilage, and peripheral nerve. 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] However, previous studies have been limited to SASCs isolated from healthy noninjured skeletal muscle, and SASCs from injured muscle have not as yet been characterized.
Various injuries or stimuli to skeletal muscle may alter the microenvironment of resident muscle cells (ie, stimulating cell dedifferentiation on various trophic factors)
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REPORT DATE
In the present study, using a modified preplate technique [preplate population 6 (PP6)], 7 a group of SASCs were isolated from injured and healthy noninjured mouse gastrocnemius muscle at 4 days after laceration injury, which is when muscle stem cells undergo activation and proliferation. 23, 24 Studies were then performed to directly compare the various characteristics of SASCs isolated from injured muscle and control noninjured muscle including the ratio of cells positive for Sca-1 and those positive for CD34 (MDSCs), and potential for cell migration, proliferation, and multidifferentiation. To verify the regenerative capacity of isolated SASCs from noninjured and injured muscle, their efficiency in repairing dystrophic muscle was compared in MDX mice, a murine model that represents Duchenne's muscular dystrophy in human beings. 25 In addition, to understand the molecular mechanisms underlying the modified characteristics of SASCs after muscle injury, mRNA levels of several important genes were compared relative to stem cell multipotency, muscle development, and muscle regeneration.
Materials and Methods
Muscle Injury
The use of animals and the surgical procedures performed in this study were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh Medical Center. The gastrocnemius muscle in one leg of mice (male C57BL/6J aged 4 weeks; Jackson Laboratory, Bar Harbor, ME) received a laceration injury, as described previously, 26 and the gastrocnemius muscle in the other leg served as the control noninjured muscle.
Isolation of SASCs Using a Modified Preplate Technique
Four days after laceration injury, both injured and noninjured gastrocnemius muscles (equal mass) were harvested for cell isolation. Using a modified preplate technique, 7 different preplate populations (PP1 to PP6) of cells with various adhering characteristics on collagencoated flasks were separated. The early preplate populations (rapid-adhering cells, ie, PP1 and PP2) contain primarily fibroblasts and myoblasts, whereas the late preplate populations (slow-adhering cells, ie, PP5 and PP6) contain primarily muscle stem cells including MDSCs.
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PP6 cells (SASCs that contain MDSCs) were studied, and PP6 cells from both noninjured and injured muscles were cultured in proliferation medium [Dulbecco's modified Eagle's medium (DMEM); Invitrogen Corp., Carlsbad, CA] supplemented with 10% horse serum, 20% fetal bovine serum, 0.5% chicken embryo extract, and 1% penicillin-streptomycin] in 5% CO 2 at 37°C.
In Vitro Wound Healing Study
SASCs from noninjured or injured muscles were seeded in collagen-coated 12-well plates in proliferation medium. When cells reached approximately 85% confluency, artificial wounds were generated, as described previously, 27, 28 in the cells in proliferation medium. After 6 hours, the migration distance (in microns) of SASCs into the wounded area was measured.
Cell Proliferation Assay Using EdU
The Click-iT EdU cell proliferation assay (Invitrogen Corp., Carlsbad, CA) was performed to verify the proliferation potential of isolated SASCs, as instructed by the manufacturer's protocol. In brief, SASCs from noninjured or injured muscles were seeded in collagen-coated 12-well plates (5000 cells per well) and grown in proliferation medium containing 0.1% EdU (5-ethynyl-2=-deoxyuridine). After 16 hours, cells were fixed, and a speciesspecific secondary antibody (Alexa Fluor 594, 1:400; Invitrogen Corp.) was used for EdU detection. DAPI counterstaining was conducted to visualize cell nuclei.
Population-Doubling Analysis
Population-doubling analysis was performed as described previously. 20 SASCs from noninjured and injured muscle were individually plated (1 ϫ 10 3 cells per well) in a collagen-coated six-well plate and cultured in proliferation medium. SASCs were then cultured continuously for 48 hours before being harvested and counted. The approximate population-doubling time was determined as follows: 2 n ϭ Cell number at harvest time/Cell number initially plated, where n is the number of doublings during the period of cell culture (48 hours). Thus, populationdoubling time ϭ 48 hours/n.
Immunofluorescence Staining of Cells and Tissue Sections
Cultured cells were fixed with 4% paraformaldehyde for 10 minutes, and skeletal muscle cryosections were fixed with 5% formalin for 10 minutes. After washing the samples with PBS, 10% horse serum was used to block nonspecific binding for 1 hour. 
In Vitro Myogenic Differentiation Assay
SASCs from noninjured and injured muscle were cultured in proliferation medium to 85% confluency and changed to differentiation medium (DMEM supplemented with 2% horse serum and 1% penicillin-streptomycin) for myotube formation. Cells were incubated in 5% CO 2 at 37°C for 4 days before being fixed with 4% paraformaldehyde. The myotubes were identified by expression of fast-type myosin heavy-chain to show the proceeding stages of differentiation.
In Vitro Osteogenic Differentiation Assay
The osteogenic differentiation assay was performed as described previously. 29, 30 SASCs from noninjured and injured muscle were plated in six-well plates (0.2 ϫ 10 5 cells per well) to allow for attachment. After 24 hours, the medium was replaced with osteogenic medium [DMEM supplemented with 0.1 mol/L dexamethasone, 50 mol/L ascorbate-2-phosphate, and 10 mmol/L ␤-glycerophosphate (all from Sigma-Aldrich Corp., St. Louis, MO), and 100 ng/mL BMP4 (R&D Systems, Inc., Minneapolis, MN)]. The medium was changed every 2 days. Osteogenesis was assessed by observation of alkaline phosphatase activity at 5 days after initial osteogenic induction using an alkaline phosphatase kit (Sigma-86c; Sigma-Aldrich Corp.).
In Vitro Adipogenic Differentiation Assay
The adipogenic differentiation assay was performed as described previously. 29, 30 SASCs from noninjured and injured muscle were plated in six-well plates (0.2 ϫ 10 5 cells per well) to allow for attachment. After 24 hours, the medium was replaced with adipogenic medium (highglucose DMEM supplemented with 10 mol/L insulin, 1 mol/L dexamethasone, 0.5 mmol/L isobutylmethylxanthine, and 200 mol/L indomethacin (all from SigmaAldrich Corp.). Cultures were maintained for 10 days, and the medium was changed every 2 days. The cultures were then stained with Oil Red O (Sigma-Aldrich Corp.), which indicates the intracellular lipid accumulation. After being fixed for 10 minutes at room temperature in 5% neutral buffered formalin, cells were rinsed with 60% isopropanol and incubated with a newly filtered Oil Red O staining solution for 20 minutes at room temperature. After staining, the cells were rinsed with double-distilled water and stored at 4°C.
In Vivo Assay of Regenerative Potentials of SASCs in Dystrophic Muscle
SASCs from noninjured and injured muscle (1 ϫ 10 5 cells per group) suspended in 10 L PBS were transplanted into the gastrocnemius muscles of MDX/SCID mice (dystrophic or immunodeficient, C57BL/10 ScSn-Dmdmdx crossed with C57BL/6J-Prkdcscid/SzJ; Jackson Laboratory) by direct injection into the gastrocnemius muscles of the left and right legs, respectively. Four MDX/SCID mice were used for cell transplantation in this experiment, and their muscle tissues were harvested for cryosectioning and histologic analysis at 3 weeks after cell transplantation. The myogenic differentiation capacity was determined by measuring the number of regenerating dystrophin-positive myofibers. The number of regenerating dystrophin-positive myofibers were counted on three different cross-sections from each injected muscle. The site that was identified as the injection site was counted because the cells were injected at only one location, where it generated a limited area of myofiber engraftment. In addition, CD31-positive capillary density (CD31-positive capillary structures per highpower field) was measured in the area of cell engraftment.
Semiquantitative RT-PCR
Total RNA was obtained from SASCs using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Reverse transcription was performed using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules, CA). The sequences of primers are given in Table 1 , including Notch1 [Notch homolog 1, translocation-associated (Drosophila)], STAT3 (signal transducers and activators of transcription 3), Msx1 (muscle segment homeobox transcription factor 1), Pax3 and Pax7 (paired box proteins 3 and 7), MMP2 and MMP9 (matrix metalloproteinases 2 and 9), and GAPDH (glyceraldehyde 3-phosphate dehydrogenase). PCR reactions were performed using an iCycler Thermal Cycler (Bio-Rad Laboratories, Inc.). The cycling parameters used for all primers were as follows: 95°C for 10 minutes; PCR, 40 cycles of 30 seconds at 95°C for denaturation, 1 minute at 53°C to 62°C for annealing, and 30 seconds at 72°C for extension. Products were separated by size, and were visualized on 1.5% agarose gel stained with ethidium bromide. All data were normalized to the expression of GAPDH.
Measurement of Results and Statistical Analysis
The measurement of results from images was performed using commercially available software (Northern Eclipse, version 6.0; Empix Imaging, Inc., Mississauga, ON, Canada) and Image J software (version 1.32j; National Institutes of Health, Bethesda, MD). Data from at least three samples from each subject were pooled for statistical analysis. Results are given as mean Ϯ SE. The difference between means was considered statistically significant at P Ͻ 0.05. Analysis of variance was used in conjunction with a post hoc test (Dunnett's test as error protection) to compare the difference between groups of cells or tissue sections. Based on our knowledge, the fast-adhering PP1 populations are generally fibroblasts (F and G), and PP2 populations are generally myoblasts (H and I); slow-adhering PP5 populations contain many satellite cells (J and K), and PP6 populations contain many MDSCs (L and M). 7 Many more spherical and refractive stem cell-shaped cells were observed in the PP6 population (SASCs) from injured muscle (M) compared with control noninjured muscle (L) (approximately 1:4, respectively). E: Asterisk indicates that the value is significantly different from that of control noninjured muscle (P Ͻ 0.05).
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Results
Larger Population of Muscle Stem Cells Observed in Both Injured Muscle in Vivo and Isolated Muscle Cells in Vitro
In the laceration-injured skeletal muscle mouse model, a significantly larger population of muscle stem cells was observed at 4 days after the injury (Figure 1 , A-E) and included both Pax7-positive satellite cells 31 ( Figure 1 , A and B) and Sca-1-positive muscle stem cells 7, 32 ( Figure  1, C and D) . A preplate technique was used to isolate SASCs from both noninjured and injured muscles. Results demonstrated that the fast-adhering cells from both noninjured and injured muscles exhibited structural features similar to those of fibroblasts or myoblasts 7, 9 (PP1 and PP2; Figure 1, F-I) . The slow-adhering cell populations from both muscle types generally contained many cells with structural features similar to those of stem cells (spherical and refractive) (PP5 and PP6; Figure 1 , J-M). The population of PP6 cells, which are SASCs, 7,9 was much more enriched in cells isolated from injured muscle than from noninjured muscle (Figure 1, L and M) . Therefore, these results indicate that using the modified preplate technique, a much larger number of SASCs can be efficiently isolated and expanded from injured muscle than from noninjured muscle.
SASCs from Injured Muscle Demonstrate Improved Migration and Proliferation Capacities
During the muscle healing process, improved migration and proliferation capacities are necessary for activated muscle precursor cells to efficiently participate in muscle regeneration. 23, 24 We investigated whether SASCs isolated from injured muscle also exhibit these characteristics. To compare the migration capacity of the cells, an in vitro wound healing assay was performed as described previously. 27 Results demonstrated that at 6 hours after creation of the wound, SASCs from injured muscle had migrated farther into the wounded area than did SASCs from noninjured muscle (Figure 2, A-C) . Immunofluorescence staining demonstrated that the protein level of cyclin-dependent kinase inhibitor p21, an inhibitor of the cell cycle that is essential for coordination of exiting the cell cycle and differentiation of myogenic progenitor cells, 33, 34 was greatly reduced in SASCs from injured muscle compared with SASCs from noninjured muscle (Figure 2A, B, and D) . The repressed p21 activity in the SASCs from injured muscle may suggest withdrawal from quiescence and an increased proliferation potential of the cells. 35, 36 Indeed, SASCs isolated from noninjured muscle usually maintain their quiescence during the first week and begin proliferation during the second week 7 ; however, SASCs from injured muscle seem to be activated and proliferate from the first week of culture because more cells could be isolated ( Figure 1M ). This observation of SASCs is similar to the previously reported observation of satellite cells that features an increase in activation and proliferation after muscle injury. 1 To further verify the proliferation capacity of SASCs, cell proliferation was analyzed using the EdU proliferation assay and the population-doubling assay. Results demonstrated that SASCs from injured muscle exhibited a significantly higher rate of EdU incorporation during 16 hours of culture (Figure 2 , E-G) and reduced population-doubling time ( Figure 2H ), which demonstrated that these cells have improved proliferation capacity compared with cells from noninjured muscle.
SASCs from Injured Muscle Contain a Higher Ratio of Sca-1-Positive to CD34-Positive Cells (MDSCs)
The differential expression of various stem cell markers between SASCs from noninjured and injured muscle was compared including endothelial cell marker CD31, 37 hematopoietic cell marker CD45, 38 and MDSC markers Sca-1 and CD34. 6 -8 Results of immunocytochemistry demonstrated that both CD31-and CD45-positive cells were undetectable in SASCs from either noninjured or injured muscles, which indicates that there is almost no presence of lineage-determined endothelial cells or hematopoietic cells in either group of isolated SASCs. However, compared with SASCs from noninjured muscle, the populations of cells positive for Sca-1 (Figure 3 , A-C) and CD34 (Figure 3 , D-F) were both greatly increased in SASCs from injured muscle. Results of flow cytometry further verified Sca-1 and CD34 expression in isolated SASCs, and a greater percentage of cells were positive for Sca-1, CD34, or both in SASCs from injured muscle compared with those from noninjured muscle (Figure 3 , G-I). Cells positive for Sca-1 and CD34 cells belong to MDSCs, and are highly proliferative, multipotent, and regenerative. 7, 8 The enrichment of MDSCs in SASCs from injured muscle may suggest improved multidifferentiation and regenerative potential of the cell population compared with SASCs from noninjured muscle. 
SASCs from Injured Muscle Demonstrate Improved Myogenic, Osteogenic, and Adipogenic Differentiation Potential in Vitro
To further verify the improved multipotency of SASCs from injured muscle, in vitro myogenic, osteogenic, and adipogenic assays were performed. The results of the myogenic assay demonstrated that at 4 days after induction of myogenic differentiation (serum deprivation), SASCs from injured muscle produced more myotubes positive for myosin heavy-chain than did SASCs from noninjured muscles (Figure 4, A and B) . Meanwhile, myotubes positive for myosin heavy chain produced by SASCs from injured muscle exhibited a clearly striated pattern ( Figure 4, C and D) , a feature of mature functional myofibers in skeletal muscle. 39 Alkaline phosphatase staining and Oil Red O staining were performed to demonstrate the outcomes of osteogenic and adipogenic dif- 
SASCs from Injured Muscle Repair Dystrophic Muscle More Efficiently
To verify the regenerative potential of the cells in repairing defective tissues, SASCs were also transplanted into dystrophic muscle of MDX/SCID mice to observe the progress of muscle regeneration. At 3 weeks after transplantation, SASCs from injured muscle formed a greater quantity of dystrophin-positive myofibers than did SASCs from noninjured muscle, and a larger area of cell engraftment in the muscle was also evident ( Figure 5 ). In addition, there was greater CD31-positive capillary vasculature, or blood vessel formation, in the area of transplanted SASCs from injured muscle compared with SASCs from noninjured muscle ( Figure 5, A-D) . SASCs including MDSCs from noninjured muscles were able to release vascular endothelial growth factor and to induce angiogenesis in vivo. 12 In addition, muscle stem cells can differentiate into the endothelial cell lineage. 16 It seems that SASCs from injured muscle may contribute to angiogenesis by both directly differentiating into endothelial cells and creating a favorable environment for angiogenesis by releasing vascular endothelial growth factor. 4 Therefore, our in vivo results indicated that SASCs from injured muscle have improved regenerative potential in dystrophic muscle.
Some Genes Related to Muscle Development or Stem Cell Regulation Are Up-Regulated in SASCs from Injured Muscle
Injuries to the skeletal muscle modify the expression of many functional genes involved in the process of skeletal muscle development and regeneration. 40, 41 We suggest that the different characteristics of SASCs from noninjured muscle and injured muscle are related to their modified expression of certain functional genes. Using semiquantitative RT-PCR, we analyzed the expression of several genes related to stem cell multipotency, muscle development, and muscle regeneration to determine whether SASCs from noninjured muscle may express these genes and whether muscle injury may modify expression of these genes in SASCs. Genes included in the study were Notch1, STAT3, Msx1, Pax3, Pax7, MMP2, and MMP9 ( Figure 6 ). Results of RT-PCR demonstrated that gene expression of Notch1, STAT3, Msx1, Pax3, and MMP2 was relatively up-regulated in SASCs from injured muscle ( Figure 6 ). 
Discussion
Compared with transplantation of myoblasts and satellite cells, transplantation of MDSCs from normal noninjured muscle is much more efficient because of their multiple advantages including multipotency, long-term proliferation, and capacity for self-renewal, antioxidation, and higher regeneration. 6 -8,42-44 In the present study, a large population of SASCs featuring a high percentage of MDSCs positive for Sca-1 and CD34 was efficiently isolated from injured skeletal muscles in mice. Compared with SASCs from noninjured muscle, SASCs from injured muscle were observed to have improved potential for proliferation, migration, multidifferentiation, and tissue regeneration. RT-PCR results indicated that these modified characteristics of SASCs from injured muscle may be linked to activation of some critical genes of muscle development and regeneration including Notch1, STAT3, Msx1, Pax3, and MMP2.
Previous studies have indicated that isolated mesenchymal stem cells from trauma-injured human muscle are similar to those from bone marrow and are multipotent in vitro owing to their differentiation capability into various tissues. 45, 46 Although they share many stem cell characteristics (ie, multipotency and Sca-1 expression), mesenchymal stem cells (fast-adhering) and SASCs are two distinct cell populations. 45 To our knowledge, a direct characteristic comparison of muscle stem cells from noninjured and injured muscle had not yet been demonstrated. In the present study, SASCs from noninjured muscle, which are supposed to be quiescent at isolation, were directly compared with SASCs from injured muscle, which are supposed to be activated but undifferentiated at isolation. To study the undifferentiated SASCs before the occurrence of myogenic differentiation, SASCs were isolated from injured mouse muscle at 4 days after laceration injury. At that time, muscle degeneration is complete, inflammation and muscle stem cell proliferation are high, and muscle regeneration has just begun. 23, 24 Our results suggested that SASCs isolated from injured muscle may originate from activation of local SASCs in muscle, rather than circulating stem cells, because they are slow-adhering and tested negative for cell markers of circulating stem cells (ie, CD31 and CD45). 31, 37, 38 A recent study has indicated that treatment using conditional transforming growth factor-␤1 could increase the stem cell-like cell population in myoblasts. 20 Therefore, another possible source of these multipotent SASCs could be from dedifferentiation of mature muscle cells after stimulation by some specific growth factors such as transforming growth factor-␤1 released after muscle injury. 20, 47, 48 Indeed, at 4 days after muscle injury, the biological concentration of transforming growth factor-␤1 in the injured muscle is beginning to increase, and it may result in a similar dedifferentiating effect on myoblasts in vivo, as it has in vitro. 20, 47 It was observed that SASCs isolated from injured muscle have enhanced proliferation and migration capacities and multidifferentiation potential in comparison with those isolated from control noninjured muscle. These characteristics are consistent with and critical to the important functions of mobilized stem cells in muscle repair. Improved proliferation capacity of SASCs generates a larger number of multipotent stem cells ready for efficient muscle regeneration, and improved migration capacity enables fast accumulation of multipotent stem cells at the site of injury. Meanwhile, improved multipotency would account for regeneration of injured skeletal muscle tissue by possibly differentiating into multiple cell types including myofibers, blood vessel-related cells (smooth muscle cells and endothelial cells), and neurons. 12, 19 At the molecular signaling level, Notch signaling functions either to maintain stemness or to initiate differentiation of multiple cell lineages, and ensures proper balance between stem cells and cells with a committed fate. 49, 50 Notch signaling is also essential for myogenic development and the regenerative potential of skeletal muscle. 51 It has been suggested that the decreased regenerative potential of muscle stem cells (satellite cells) in aged muscle is due to diminished Notch signaling. [51] [52] [53] STAT3 is a transcription factor essential for embryonic stem cell pluripotency, 54, 55 and STAT3 signaling may also be activated in skeletal muscle after acute exercise or injury. 56, 57 Moreover, STAT3 may be one of the downstream factors of Notch1 (Notch1-STAT3 signaling), which regulate stem cell characteristics. 58 Msx1 is a critical regulator of muscle development and regeneration that is primarily expressed in animals in the embryonic or fetal stage and is able to repress myogenic differentiation and maintain the undifferentiated status of stem cells. 59 -61 Both Pax3 and Pax7 are required for myogenic development, and are expressed in the somite; however, Pax7 is essential only for myogenesis after birth. 62, 63 During formation of muscles, Pax3 also has a critical function in facilitating long-range migration of muscle progenitor cells. 63 Matrix metalloproteinases (MMPs) are also involved in myogenic differentiation, and their activities influence the migration capacity of muscle stem cells. 27, 64, 65 MMP activity increases after muscle damage, 66, 67 and satellite cells have been recognized as muscle cells that express MMPs on activation. 68 Increased MMP production results in efficient migration of satellite cells into injured areas. 66, 68 Up-regulated Notch1 and STAT3 signaling may contribute to improved proliferation capacity and multipotency of SASCs from injured muscle because both Notch1 and STAT3 are involved in stem cell maintenance and self-renewal. 54, 55, 58, 69, 70 Activation of Notch1 and STAT3 signaling pathways is also required for efficient muscle regeneration, 51, 57 and their activation in SASCs from injured muscle may verify the highly regenerative potential and important function of this specific cell population in repairing injured muscle. In addition, the finding of activated Notch1 signaling in SASCs may suggest a promising contribution of the cells in therapeutic applications for regeneration of aged skeletal muscle. 51, 52 During the process of muscle repair, Pax3 and MMPs are important in regulating cell migration capacity. 27, 63, 64 Specifically, MMP2 has an essential function in muscle cell proliferation and differentiation and muscle regeneration after injury. 65, 66, 68 The up-regulated expression of Pax3 and MMP2 observed in SASCs from injured muscle may contribute to the improved migration capacity of these cells. In addition to functioning as an important regulator of limb and muscle development, 59, 71 Msx1 has also been suggested as being able to promote dedifferentiation of muscle cells and to maintain the multipotency of stem cells. 48, 72, 73 In a previous study, we observed that Msx1 overexpression in muscle cells resulted in a greatly improved ratio of cells positive for Sca-1 to cells positive for CD34 (unpublished data). We also reported that traumatic injury is able to stimulate skeletal muscle cell dedifferentiation in vivo. 48 Therefore, activation of Msx1 in SASCs isolated from injured muscle may help maintain the undifferentiated and proliferating status of the cells. Moreover, Msx1 may also perform a function similar to its purpose in embryonic and fetal muscle development, which is to instruct the migration and distribution of stem cells in injured muscle. 59, 60, 71 In summary, SASCs isolated from injured muscle using the preplate technique are highly proliferative, multipotent, and regenerative. These results may reflect the characterization of many other types of injured stem cells, which indicates that environmental factors have a critical role in modifying stem cell characteristics and behavior.
